A significant increase in conductivity under an applied magnetic field or large negative magnetoresistance up to several percent is observed at low temperatures in epitaxial perovskite NdNiO 3 films. The (20-100 nm) strained films are grown on compressive (001)LaAlO 3 and tensile (001)(La 0.3 Sr 0.7 )(Al 0.65 Ta 0.35 )O 3 substrates. The negative magnetoresistance is found in the insulating phase, where the hopping mechanism of conductivity is revealed. It is shown that the presence and Zeeman splitting of localized states are responsible for conductivity and magnetoresistance. The localized states are suggested to emerge due to thermally induced local disorder in the Ni-O bond disproportionation. Such disorder can also lead to a phase coexistence in a broad temperature range.
I. INTRODUCTION
Perovskite-structure neodymium nickelate NdNiO 3 (NNO) is the best studied representative of the rare-earth nickelates, exhibiting a sharp metal-to-insulator transition (MIT) on cooling. The high sensitivity of the electrical, magnetic, and optical properties of nickelates to external stimuli such as temperature, electric and/or magnetic fields, light, and ambient chemistry can enable innovative electronics applications that motivates the extensive research of the complex physics and synthesis of these materials. In particular, single-crystaltype epitaxial nickelate films attract worldwide research efforts because such films are the most promising for modern miniature applications, ensure perovskite-pure materials for fundamental investigations, and allow for controlling the film properties using epitaxial strain and interfacial phenomena. The progress in the synthesis and understanding of nickelates is summarized in a number of reviews, including the most cited and most recent ones [1, 2] .
The key issue of fundamental and practical importance is the MIT. According to modern knowledge, the MIT is associated with a structural transition from the high-temperature orthorhombic Pbmn phase, exhibiting metal conductivity, to the low-temperature monoclinic P2 1 /n phase, possessing insulating properties. The insulating phase is characterized by a Ni-O bond length disproportionation, where neighboring Ni sites possess different bond lengths and are inequivalent: Ni S (the shorter bond) and Ni L (the longer bond). The small Ni S O 6 and large Ni L O 6 octahedra are ordered in the rock-salt pattern. As shown theoretically, the distinct Ni-O bonds are pivotal for the MIT [3] [4] [5] [6] . It was also shown that the insulating phase may be sensitive to magnetic ordering [6] . Unfortunately, the temperature-dependent behavior has not been captured by theoretical calculations so far. * Corresponding author: marina.tjunina@oulu.fi
Here, we focus on the temperature-and magnetic-fielddependent properties of the insulating phase in epitaxial NNO films. By experimental studies of conductivity as a function of temperature and applied magnetic field, we detect a significant low-temperature magnetoresistance. The results are analyzed using models of hopping conductivity and evidence the presence and Zeeman splitting of localized states. The analysis shows that the gap filling with states, previously found on approaching the MIT, starts at very low temperatures. A thermally induced local disorder in bond disproportionation is discussed as responsible for the localized states and for phase coexistence in a broad temperature range. We anticipate that our findings will boost better understanding and control of the MIT.
II. EXPERIMENT
Thin films of NdNiO 3 (NNO) of 20-100 nm in thickness were deposited using single-crystal epitaxially polished (001)LaAlO 3 (LAO) and (001)(La 0.3 Sr 0.7 )(Al 0.65 Ta 0.35 )O 3 (LSAT) substrates purchased from the MTI Corporation. The films were grown by pulsed laser deposition (PLD) using a KrF excimer laser (energy density ∼2 J/cm 2 ) at a substrate temperature of 973 K and ambient oxygen pressure of 20 Pa. The employed high oxygen pressure ensures the growth of stoichiometric defect-free perovskite films, in contrast to the defect formation that occurs at lower pressures [7, 8] . To further secure proper oxygen stoichiometry, the oxygen pressure was gradually increased to 800-1000 Pa during the post-deposition cooling, which was conducted at a rate of 5 K/min.
The crystal structure of the films was studied by highresolution x-ray diffraction (XRD) on a D8 Discover diffractometer (Bruker Corporation) using Cu Kα radiation. -2 scans in the range of 2 = (10−130) deg and reciprocal space maps (RSM) in the vicinity of the perovskite (002), (303), and (103) diffractions were acquired. The in-plane (parallel to the substrate surface) and out-of-plane (normal to the substrate surface) lattice parameters were estimated from the positions of the diffraction maxima using the substrates as a reference.
For electrical characterization, four equally separated Au top contact stripes of 1 mm in width were formed by the room-temperature vacuum PLD of Au through a shadow mask. The contacts were oriented along the [100] (or [010]) substrates crystal direction, parallel to the shorter cut of the samples, which were 4 × 10 mm in size. The Au wires were attached to the Au top contacts using colloidal Au paste.
Four-probe measurements of the electrical resistivity were performed on a Physical Property Measurement System (PPMS) from Quantum Design using dc/ac current-controlled modes. The measurements were carried out at varying magnitudes (up to 10 T) and directions of the dc magnetic field. The resistivity was studied on cooling, heating, and at several fixed temperatures in a range of 2-400 K. For a fixed temperature, the magnetic field was swept at a rate of 100 Oe/s. A heating/cooling rate of 2 K/min was used in the measurements both with and without the magnetic field.
III. RESULTS AND DISCUSSION

A. Film structure
A room-temperature crystal structure of bulk unstressed NNO is orthorhombic (Pbnm) with lattice parameters of 0.5389, 0.5382, and 0.7610 nm [9] . The orthorhombic unit cell is formed by tilted perovskite subcells with lattice parameters of 0.3808, 0.3805, and 0.3808 nm. Considering a cube-on-cube pseudomorphic epitaxial growth of perovskite NNO on substrates with a square surface lattice, an average lattice parameter a NNO = 0.3807 nm is usually employed to estimate the NNO-substrate lattice-parameter misfit strain s a as follows: s a = (a SUB /a NNO − 1), where a SUB is the lattice parameter on the substrate surface. The latticeparameter misfit is compressive ∼0.4% in NNO/LAO and tensile ∼1.6% in NNO/LSAT. Additionally, there is a symmetry misfit arising from NiO 6 -octahedral tilts (rotations) in NNO. Such a symmetry misfit is typical for the epitaxy of orthorhombic perovskites on square surfaces of versatile substrates [10] [11] [12] [13] . The symmetry misfit relaxes within a few nanometers near the film-substrate interface, as was evidenced by the evolution of tilts towards bulklike patterns in nickelates [11, [14] [15] [16] .
Our XRD observations can be interpreted in terms of highly oriented perovskite NNO films, with the (00l) planes of the perovskite cell (NNO p ) parallel to the substrate surface (Fig. 1) . The Laue satellite diffractions confirm high crystal quality and surface smoothness of the films [11, [15] [16] [17] [18] [19] [20] [21] . We note that a few-nanometerthick interfacial layer, whose crystal and electronic structures differ from those inside the body of the films, cannot be detected by laboratory XRD. As shown before, NNO films accommodate epitaxial strain through additional (compared to bulk) Ni-O bond elongations and contractions while adopting the bulklike tilt pattern. This ability is manifested in nearly similar strain states detected in the 20-and 100-nm-thick films: otherwise, efficient strain relaxation (e.g., through the formation of dislocations) would have been observed with increasing film thickness.
Unlike the bulk NNO perovskite cell, the NNO/LAO films possess cells, which are compressed in the two in-plane directions and elongated in the out-of-plane direction [ Fig 
B. Resistivity
The magnitude and temperature evolution of the resistivity ρ in our NNO films (Fig. 3) are in good agreement with the previous works [18] [19] [20] [21] . Compared to the bulk MIT at the temperature T MI = 200 K, the increase in resistivity on cooling appears to be suppressed and the temperature T MI appears to be significantly lowered in the NNO/LAO films 
Here, ρ SAT is the saturation resistivity and the term (ρ 0 + AT 2 ) describes a Landau Fermi liquid. The metal behavior is evidenced only at temperatures above ∼200 K, while a clear decrease of dρ/dT on cooling suggests a transition region around and below 200 K. Concurrently, a low-temperature insulating phase is indicated by hopping conduction at temperatures T 15-20 K. Assuming a Mott variable-range hopping [23, 24] , the conductivity σ scales with temperature as (2)
Good linear fits [ln(σ T 1/4 ) ∝ T −1/4 ] are obtained in all films at T 15−20 K (Fig. 4) . The characteristic temperatures T 0 are extracted from the linear fits and equal approximately T 0 ≈ 6−7 K and T 0 ≈ 35−40 K in the films on LAO and LSAT, correspondingly. We note that changing the preexponent T −1/4 in (2) to 1 or T − 1/2 leads to unphysically low or unreasonably high T 0 temperatures, respectively.
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The insulator phase with hopping conductivity is identified at temperatures significantly lower than 200 K, above which the metal phase exists. These electrical observations indicate a possible coexistence of phases at intermediate temperatures. Recently, separate temperature-dependent regions of metal and insulator phases were detected by photoelectron emission microscopy in thin films of NNO [25] . Therefore, the conductivity of the NNO films can be considered that of a metal-insulator composite in a broad temperature range. Hence, inflection points in the temperature dependence of resistivity (Fig. 3) may rather correspond to a certain ratio of phase volumes than to an abrupt phase transition.
Here, we focus on the low-temperature insulating phase with hopping conduction. The related localized states, which are responsible for hopping, also lead to a strong magnetoresistance, as shown next.
C. Magnetoresistance
The measurements of conductivity σ H under an applied magnetic field at different fixed temperatures and during heating/cooling runs (field heating/field cooling) revealed a significant increase of conductivity compared to that without a magnetic field, σ . In more common terms of resistivity, a negative magnetoresistive effect is observed at low temperatures in all studied films. The magnetoresistance ratio (MR) ρ/ρ = (ρ H − ρ)/ρ (here, resistivity ρ H and ρ are determined at a certain temperature with and without the magnetic field, respectively) is negative and up to several percent at T < 20 K (Fig. 5) . The MR magnitude increases with the magnetic field and upon cooling. Additionally, the MR ratio varies with film thickness and the direction of the magnetic field. Also, MR is larger in the films on LSAT, which indicates a dependence on epitaxial strain.
The negative magnetoresistance (or σ H > σ ) of an insulator can be explained by Zeeman splitting of the localized states [26, 27] . Considering that the localized states determine hopping conduction, the conductivity without a field is approximated by (3):
For each state, the magnetic field can produce spindependent Zeeman shifts E Z = ±1/2gμ B H, where g and μ B are the effective Lande factor and Bohr magneton, correspondingly. By neglecting interactions (between spins and/or charges) and tensor descriptions, a simplified model [26] suggests the transformation of expression (3) into (4) under applied field H:
The new characteristic temperatures T + and T − are related to the temperature T 0 through the Fermi energy E F and Zeeman shifts, For weak field-induced changes of the Fermi energy compared to E Z , the relationship (σ H > σ ) (or negative MR) directly follows from (4) and (5). Assuming g = 2 and n = 4 (Mott hopping), an approximate expression (6) can be obtained for σ H (H ) under fields smaller than a critical field H c (7) [26] :
The term (E C − E F ) describes the position of the Fermi level in relation to the conduction edge E C in the band diagram in the case of n-type conductivity. For p-type conductivity, it corresponds to (E F − E V ). For convenience of data analysis, we use the conductivity ratio (σ H /σ − 1):
Thus, the conductivity ratio should be proportional to T −1/2 for a fixed H and proportional to H 2 for a fixed T and fields H < H c , where the critical field H c increases with T 1/4 . The coefficients A H , B T , and C can be easily written using (6)- (10) . To verify Zeeman splitting of the localized states as responsible for magnetoconduction, we investigate the relationships (8) 
D. Localized states
The results in Fig. 6 and Fig. 7 imply that the magneticfield-induced splitting of the localized states is responsible for the conductivity increase in the NNO films. In addition to the temperature and field dependencies, the measured effect depends on film thickness (on LAO), field direction (on LSAT), and epitaxial strain [Figs. 5(a)-5(d)]. As seen from expression (6), the effect strength is determined by a filmspecific factor [
. The temperature T 0 , the energy width (E C − E F ), and the effect factor [
−2 ] were found from the fits to expressions (2) and (9) (Figs. 4, 6 , and 7). The factor [(T 0 ) 1/2 × (E C − E F ) −2 ] formally explains the observed variations in magnetoconductivity [ Fig. 8(a) ]. However, for the temperature T 0 of 6-40 K (or 0.5-3.5 meV) and the energy width (E C − E F ) > 1 meV [ Fig. 8(b) ], it is difficult to ascribe a dominating role to either T 0 or (E C − E F ) in the effect factor.
Remarkably, the width (E C − E F ) is found to increase with temperature in all films [ Fig. 8(b) ]. We note that inaccuracy in T 0 does not affect the revealed behavior. As mentioned above, the width (E C − E F ) describes the position of the Fermi level in relation to the conduction edge E C in the band diagram. Because of p-type conduction in the epitaxial NNO films [16] , the conduction edge corresponds to the topmost filled valence band (VB) and the Fermi level is located higher in energy, below the bottom of the conduction band (CB) [see schematics in Fig. 9(a) ]. The detected temperature evolution of (E C − E F ) means that the Fermi level shifts upwards on heating. This observation implies that the density of localized states can increase on heating.
We suggest that the presence of localized states may be an intrinsic property of the insulating phase of NNO. As mentioned above, the insulating phase arises from the bond disproportionation and is characterized by the rock-salt order of the distinct small Ni S O 6 and large Ni L O 6 octahedra. At temperatures higher than T = 0, the rock-salt Ni S :Ni L order can be locally broken by thermally induced fluctuations of the Ni-O lengths. The thermally stimulated disorder can produce localized states, whose density should grow with temperature as disorder increases. The behavior in Fig. 8(b) corroborates this scenario.
The thermally induced local disorder not only explains the localized states but also suggests a gradual evolution towards the metal phase on heating. A rough linear extrapolation of data in Fig. 8(b) shows that the Fermi level may shift by several tens of millielectronvolts with increasing temperature to 150-200 K [ Fig. 9(b) ]. Considering a gap E g of 30-100 meV in the insulating phase of the NNO films [28, 29] , the Fermi level may reach the conduction band at the temperatures when the macroscopic metal-range conduction becomes observable on heating (Fig. 3) . This behavior of the Fermi level with the temperature increase is consistent with the optically detected filling of the gap [30] and mimics a gradual continuous closure of the gap.
The suggested thermally induced disorder can also lead to the nucleation and growth of conducting (metal) inclusions upon heating. As a result, the insulating and metal phases coexist in the broad temperature region around the macroscopic phase transition (Fig. 3) . Interestingly, the order-disorder coexistence connotes NNO as a kind of "electronic relaxor" by its resemblance with perovskite relaxor ferroelectrics. Finally, we note that we found similar magnetoresistance behavior in the insulating phase of epitaxial (10-100 nm) films of Sm 0.5 Nd 0.5 NiO 3 and SmNiO 3 . Although additional studies are desirable to clarify its origin unambiguously, we believe that local disorder plays an important role therein.
IV. CONCLUSIONS
Cube-on-cube-type epitaxial perovskite NNO films of 20-100 nm in thickness are grown on (001) LAO and (001)LSAT substrates. The films exhibit hopping conductivity and large negative magnetoresistance in the insulating phase at low temperatures. The presence and Zeeman splitting of localized states are shown to be responsible for the observed behavior. The density of the localized states is found to increase with temperature. Therefore, the origin of the localized states is ascribed to thermally induced fluctuations of the Ni-O bond lengths that break the rock-salt order in the Ni-O bond disproportionation. The thermally induced local disorder is also suggested to lead to the phase coexistence in the broad temperature range around the macroscopic phase transition. 
